We analyzed the vertical wind profile measured at six experimental tower sites in dense forest in the Amazon Basin and examined how well two simple models can reproduce these observations. In general, the vertical wind profile below the canopy is strongly affected by the forest structure. From the forest floor to 0.65h (where h = 35 m is the average height of the forest canopy for sites considered), the wind profile is approximately constant with height with speeds less than 1 ms −1 . Above 0.65 to 2.25h, the wind speed increases with height. Testing these data with the Yi and Souza models showed that each was able to reproduce satisfactorily the vertical wind profile for different experimental sites in the Amazon. Using the Souza Model, it was possible to use fewer input variables necessary to simulate the profile.
Introduction
There are several issues that have motivated researchers to intensify their studies on the interaction between the Amazon rainforest and the atmosphere [1] [2] [3] [4] . Among these issues is the role that the Amazonian forest exerts the liberation of energy in the tropical atmosphere [5] , on the hydrological cycle [6] , and in the global balance of secondary gaseous components in the atmosphere, such as ozone, carbon dioxide, and hydrocarbons [7] . Furthermore, there are problems associated with deforestation in the Amazon that could have a direct influence on global climate change [8] . In this context, understanding the processes of energy, mass, and momentum exchanges between the Amazon forest and the atmosphere is of fundamental importance. Although considerable progress has been made in this area over the past 30 years [9] [10] [11] [12] , more details on variables controlling the said exchanges are needed.
According to Yi [13] , the vertical profile of the wind velocity, together with the Reynolds stress, is of fundamental importance to the characterization of turbulent flow over vegetated surfaces, an assertion particularly relevant in dense forest areas. Studies conducted in Amazon forests have shown persistent decoupling of the atmospheric flow between the lower and upper forest canopy [10] , due to reduced penetration of direct solar radiation inside the forest and corresponding static stability near the forest floor [9] , a condition that often persists over the entire diurnal cycle [11, 12, 14, 15] . Mechanical turbulence generated at canopy top by the rough canopy becomes a determining factor that dominates turbulent mixing processes between the upper and lower forest canopy [16] .
An hypothesized, dynamic instability associated with an inflection point in the above-canopy wind profile in what is known as the roughness sublayer [17] [18] [19] [20] is another factor that may contribute to the production of turbulence that penetrates into the lower canopy [16, 21] . Dias Júnior et al. [22] , working in the Amazon, showed the existence of a strong correlation between the inflection point height and time scales of coherent structures, known to contribute to turbulent mixing in forest areas [21] . Only a few previous studies have been done using to describe the wind profile shape in the rain forest canopy, combining observational data and modeling. Sá and Pachêco [23] , using a third-order polynomial fit, estimated the inflection point height and the average wind speed at the inflection point as well as a characteristic length scale used to normalize the vertical wind profile in an Amazonian forest. Souza et al. [24] , using the same data as did Sá and Pachêco [23] , proposed an empirical-analytic model that was able to satisfactorily reproduce the vertical wind profile observed.
What is common among most of the work on the vertical wind profile in the Amazon [22] [23] [24] [25] is the use of data from a single point of measurements, with good spatial resolution for only part of the profile, raising the question that these studies may be unrepresentative of dense forest areas in the Amazon overall. Thus, the aim of this study was to evaluate the different aspects of the vertical wind profile measured at different experimental sites in the Amazon. In addition, simplified models were used to simulate the profiles. Furthermore, for one of these models, an improvement was proposed in its formulation in order to reduce the input variables necessary for the model to generate the wind profile.
Materials and Methods

Study Area and Data. This research used observational data collected in five experimental sites in the Brazilian
Amazon, where micrometeorological observation towers were installed, namely, the Rebio-Jarú Forest Reserve [28] , located in the state of Rondônia in the Southwest Amazon; the Cuieiras Biological Reserve (also called site K34, [29] ), located next to the city of Manaus, Amazonas; the Tapajós National Forest (FLONA, Km 67 site) near the city of Santarém, Pará [30] ; the Caxiuanã National Forest about 350 km west of the city of Belém, Pará [31] ; and the Uatumã Sustainable Development Reserve, in the ATTO site (Amazonian Tall Tower Observatory, [3] ), city of Santo Antônio do Uatumã, Amazonas. For the latter experimental site, data from two measurements towers were used, which will be called triangular tower (TT) and square tower (ST). The experimental design of each site is summarized in Table 1 and the geographical position is shown in Figure 1 . The data used in this work consists primarily of wind speed averages at different heights within and above the forest canopy at each experimental site, made by sonic (two-and threedimensional) and cup (specification of each instrument is listed in Table 1 
Methodology.
To obtain the vertical wind speed profiles, averages of the entire time period for which data were available were taken for each height in each experimental site (Table 1) . Data from three-dimensional sonic anemometers were used with the following to calculate the wind speed :
where and V are zonal and meridional wind velocity components, respectively.
In this work, we use two models to simulate the vertical wind profile above and below the forest canopy. The first, which will be called Yi Model [13, 36] , describes the profile:
where ℎ is the average wind speed at ℎ height (h = 35 m is the average canopy height), ( ) is the drag coefficient at height, ℎ = (ℎ); LAI is the leaf area index; and ( ) is the cumulative leaf area index, defined as
where is the leaf area density. The leaf area density was assumed from the values obtained by Tóta et al. [27] at the tower K34 site (Figure 2 ). The drag coefficient was calculated as [10, 37] where
is the friction velocity wherein , V , and are the wind turbulent components. This equation was applied to each height for both K34 and ATTO-TT. We then used the cubic interpolation technique to obtain values at other heights in the vertical profile (Figure 2 ).
The second model used in this study is an empiricalanalytical model based on data from sites in the Amazon and mathematical function properties, developed by Souza et al. [24] (called the Souza Model from this point forward), given by the equation:
where , , , , and are fit parameters of the equation to the observed data, is the height, and ip is the inflection point height in the vertical wind profile. This model used a larger number of fit parameters, a fact that will be further discussed in the next section. Figure 3 shows the vertical profile of the wind velocity of the K34 and ATTO triangular tower for the daytime (Figure 3(a) ) and nighttime ( Figure 3(b) ) periods. Such profiles are complementary: whereas the K34 measurements show wind speed behavior inside the canopy, the ATTO data provides more information above the canopy. The shape of the profiles does not change significantly between the daytime and nighttime periods, but in general the speeds recorded during the day, at each height, showed slightly higher values than the nighttime. Due to the vegetation structure below 0.8h wind speed showed very low values, lower than 0.25 ms −1 , except for at 0.65h in the daytime ATTO profile. This point, in turn, showed the maximum difference between the profiles observed for an equivalent height, probably caused by differences in the vegetation structure between the sites. The atmospheric stability was close to neutral, and the vertical wind profile above the forest canopy is assumed to be the theoretical logarithmic profile [17] . This assumption is approximate for both K34 and ATTO-TT sites, and Figure 3(c) shows the comparison between said logarithmic profile and the observed data. In this analysis, it is possible to note that from 0.7h to 1.5h the theoretical logarithmic profile overestimates the measured wind speed values; on the other hand, above 1.7h the values observed for the ATTO-TT were slightly higher than said logarithm profile. The reason for these differences is the roughness sublayer just above the forest canopy, and this complicates the effort to estimate accurately the relationship between the mean turbulent variables and the canopy structure [38] .
Results and Discussion
From the K34 and ATTO-TT data, we obtained the fitting constants required for the Souza Model, using the least squares technique ( Table 2 ). The constants were obtained in (5) in which five constants are required; in the second case, we used a formulation proposed here, where only two constants are used. For both (5) and (6), the Souza Model fits very well to the K34 and ATTO-TT data, with a coefficient of determination ( 2 ) of 0.98 and 0.97, respectively (Figure 4) . Thus, (6) is more advantageous because it has a smaller number of necessary constants for the mathematical fit (the model of (6) will be called Modified Souza Model from this point forward).
An important question is whether the Souza Models (original and modified), which fit the K34 and ATTO-TT data very well, can be used to represent the vertical wind profile for other experimental sites in the Amazon. Also, a good test to see if the model represents such profiles is to compare their performance with that of another model that has already been tested in other conditions, such as the Yi Model.
We can conclude from this analysis that all models represented fairly well the vertical profile of the wind velocity for different Amazonian experimental sites ( Figure 5 ), although there are differences among both the models and simulated and observed wind speed values, to a greater or lesser degree, for some heights. In Figures 6(a) To verify the ability of each model at different heights, an average of the observed and simulated wind speed values was calculated at intervals of 8 meters in height and then the difference between the modeled and observed values was calculated ( Figure 6(d) Each of the three models has satisfactory performance; using one or the other model depends on each situation. In the Souza Model, the constants must be different for other forest types, after which calculations for a given profile may be extrapolated to others with similar vegetation structure. Since the Yi Model requires, in addition to other input variables, the profile drag coefficient, this, in turn, needs to be calculated for the type of vegetation.
Conclusions
In this work, we examined the vertical wind profile measured at different experimental sites in Amazonia. Measurements with high resolution below the canopy, performed at the K34 site, and above the canopy at the ATTO triangular tower represent for the first time that such data have been compiled in a single work and have provided a broader view of the wind vertical profile behavior in the Amazon forest. Under the forest canopy, the wind speed values were very low due to the vegetation structure, while above the canopy wind increases with height in an approximately logarithmic behavior. Furthermore, with data from the two sites mentioned above, it was possible to obtain a new formulation for the Souza Model, with a reduced number of input variables, which facilitates the use of the model for future applications. Both Souza Models (original and modified) and the Yi Model managed to satisfactorily represent the vertical wind profile for different sites in the Amazon.
